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Abstract—With the emergence of autonomous driving and
5G mobile communication systems, how to design vehicular
networks to meet the requirements of ultra-reliable low-latency
communication (URLLC) between autonomous vehicles is widely
concerned by the academia and industry. In this paper, mes-
sage transmission delay and reliability between autonomous
vehicles based on millimeter wave (mmwave) multi-hop V2V
communications under urban road environment are investigated.
Considering the fact that vehicles cannot come arbitrarily close
to each other, shifted-exponential distribution is proposed to
model the headway distance (the distance between the head of
a vehicle and the head of its follower). Simulation results show
that message transmission delay and reliability decrease with the
increase of the path loss exponent and are also affected by the
minimum safe distance between adjacent vehicles.
Index Terms—Vehicle to vehicle communications, millimeter
wave, shifted-exponential distribution headway, random relay
selection
I. INTRODUCTION
Autonomous driving is a new direction in the development
of automobile industry, and its goal is to meet the high
demand for driving safety, comfort and reliability [1]. In
order to achieve safe autonomous driving, ultra-reliable low-
latency communication (URLLC) among vehicles should be
guaranteed. Therefore, how to devise vehicular networks to
meet the stringent latency and reliability requirements for
autonomous vehicles is widely concerned by the academia and
industry.
With the emergence of 5G mobile communication system
[2]–[4], millimeter wave is considered to be the key technology
to realize the communications among autonomous vehicles
due to its large bandwidth and good directivity. However, the
millimeter wave signal has the defects of large attenuation
and poor penetration, which limits the transmission range of
millimeter wave signal and makes it impossible to communi-
cate directly between two vehicles which are far away from
each other. In this case, two autonomous vehicles that are far
away from each other can establish a multi-hop V2V link
to realize message transmission by selecting some vehicles
between them as relays.
There are some related work to investigate the message
transmission between vehicles based on V2V communications
[5]–[8]. Considering the delay and link connection probability,
S. Li et al. proposed a new link quality indicator to evaluate
the quality of multi-hop V2V link [5]. Simulation results show
that there is an optimal average single-hop distance for the best
link quality. In [6], considering the Carrier Sense Multiple
Access (CSMA) protocol, authors studied the multi-hop V2V
link message transmission in multi-lane highway scenarios. In
particular, the trade-off between the FP (Forward Progress)
and the single-hop link transmission success probability with
different relay selection strategies are investigated. In [7], X. Li
et al. studied security message broadcasting based on multi-
hop V2V links. The influence of single-hop communication
distance and road vehicle density on the delay of safety
message broadcast is analyzed. In [8], the Poisson point
process is used to model the position of vehicles on orthogonal
roads, and the probability of successful transmission of typical
general vehicles and vehicle messages at intersections are
investigated. It is found that the interference signals are mainly
from vehicles located on the same road.
However, in the above research work, the Poisson point
process is used to model the positions of vehicles on the
roads. In Poisson point process, the headway distance (the
distance between the head of a vehicle and the head of its
follower) is subjected to exponential distribution, which makes
that vehicles can come arbitrarily close to each other. In the
actual traffic environment, a minimum safe distance must be
guaranteed between adjacent vehicles to ensure safe driving.
Therefore, it is not reasonable to use the Poisson point process
to model the positions of vehicles on the roads.
Motivated by the above gaps, shifted-exponential distri-
bution is proposed to model the headway distance in this
paper. In the shifted-exponential distribution, a minimum safe
distance can be guaranteed between adjacent vehicles. On
this basis, message transmission delay and reliability between
autonomous vehicles based on millimeter wave multi-hop V2V
communications with random relay selection strategy under
urban road environment are investigated.
The reminder of this paper is organized as follows. Section
II describes the system model. The average total delay and
reliability of message transmission with random relay selec-
tion strategy are investigated in Section III. In Section IV,
simulations results show the impacts of path loss exponent and
minimum safe distance between adjacent vehicles on average
total delay and reliability of message transmission. Section V
concludes this paper.
II. SYSTEM MODEL
A. Network Model
Considering the network model shown in Fig. 1, let us
ignore the width of roads and model the city roads as a
grid. There are two types of roads: horizontal roads and
vertical roads. The spacing between adjacent horizontal roads
is equal to Ry , and the spacing between adjacent vertical
roads is equal to Rx. The headway distance in each road
is subjected to independent identically shifted exponential
distribution. According to the definition of shifted exponential
distribution [9], the headway distance Dadj consists of two
parts, i.e., Dadj = dsafe+U . dsafe is the tracking component,
which is a constant and represents minimum safe distance that
must be guaranteed between adjacent vehicles. U is the free
component, which is subjected to exponential distribution with
mean 1
µ
.
As shown in Fig. 1, assuming that a traffic accident happens
at an intersection. The typical autonomous vehicle Vt (yellow
node in Fig. 1) at the intersection knows this warning informa-
tion, which needs to be sent to the autonomous vehicle Vd (red
node in Fig. 1) which intends to go to this intersection. The
Euclidean distance between Vt and Vd is Rvalid. Millimeter
wave (mmwave) is adopted to the communications among all
the vehicles and the transmitting power of each vehicle is a
constant Pt. Since the path loss of millimeter wave signal
is usually very severe, the effective transmission distance of
millimeter wave signal is limited. Therefore, we assume that
the effective communication distance of each vehicle is lt,
and lt < Rvalid. Since the mmwave signal is easily blocked
by obstacles on both sides of the urban road, it is not easy
to penetrate the obstacles. Therefore, it can be considered that
the main energy of the mmwave signal propagates along the
road. Hence the effective communication range of a single
vehicle can be regarded as a circle defined in taxicab geometry
(later called Manhattan circle) with the vehicle as the center
and lt as the radius. The Manhattan circle with radius lt is
a square with rotation of 45 degrees, and the side length of
the square is
√
2lt [10]. Taking the vehicle Vt in Fig. 1 as
an example, the effective communication range is a square
with red edge length
√
2lt. In this case, the propagation
distance of the mmwave signal between the two vehicles can
be characterized by the Manhattan distance between this two
vehicles. Manhattan distance is defined as follows:
In the Cartesian coordinate system, the Manhattan distance
between (x1, y1) and (x2, y2) is |x1 − x2|+ |y1 − y2|.
Other vehicles within the effective communication range of
a vehicle can communicate with the vehicle directly, while
other vehicles outside the effective communication range can-
not communicate with this vehicle directly. In order to ensure
that messages can be transmitted from Vt to Vd successfully,
some vehicles between Vt and Vd should be selected as relays
to establish a multi-hop V2V link to complete the message
transmission. Since the packet size of warning message is usu-
ally small and the latency requirement is typically millisecond,
the positions of vehicles on the roads are supposed to remain
unchanged during the period of message transmission. In order
to achieve URLLC among vehicles, only one vehicle node
in the multi-hop link is allowed to transmit at any moment.
Therefore, there is no interference between vehicles. After the
signal is processed in the relay vehicle (the noise is eliminated
and the useful signal is extracted), the useful signal is sent
to the next vehicle with transmitting power Pt . Random
relay selection strategy is adopted to select relay vehicles,
i.e., the transmitting vehicle will select relay vehicle randomly
within its effective communication range with positive forward
progress (FP) [6].
B. Sectorized Antenna Model
To leverage array gain, directional beamforming by multiple
antennas is performed at each vehicle. Transmission and
reception directivity gains g
℘
i,j (℘ ∈ {tx, rx}) of vehicles in
link li,j are given by [11]
g
℘
i,j =
{
G∢, if
∣∣α℘i,j∣∣ 6 ϕ℘i,j/2
g∢, otherwise
, (1)
where G∢ denotes the main lobe gain, g∢ denotes the side
lobe gain, α
℘
i,j denotes the alignment error of antenna steering
directions between transmitter Vi and receiver Vj and ϕ
℘
i,j
denotes beam-level beamwidth.
C. Channel Model
72 GHz mmwave channel model is adopted in this paper
[12]. The channel gain gci,j [dB] on a typical single hop link
li,j can be written as
gci,j [dB] (dman,i−j) = 69.6 + 10αlog10 (dman,i−j) + ρ, (2)
where ρ is the shadow fading coefficient, ρ ∼ N (0, σ2) and σ
is the standard deviation of shadow fading; α is the path loss
exponent; dman,i−j is the Manhattan distance between Vi and
Vj .
D. Alignment Delay and Transmission Rate
There is a key technical problem in the application of
millimeter wave in V2V communication, that is, how to
achieve beam alignment. Therefore, we design the beam
steering according to the following mechanism: before the
transmission of effective data, the transmitter continuously
transmits pilot data, and the receiver gives feedback to find the
best beam steering. A two-staged beam alignment is adopted.
These two stages encompass a sequence of pilot transmissions
and use a trial-and-error approach where first a coarse sector-
level scan detects best sectors for transmitter and receiver
and, afterwards, within the limits of the selected sector a
finer granularity beam-level sweep searches for best beam-
level pairs. Without loss of generality, we assume here that
for each vehicle in a V2V link before the phase of beam-
level alignment, the sector-level alignment has already been
performed. Then only the beam-level alignment should be
done. Adopting the exhaustive search strategy, alignment delay
in link li,j is given by
Vt
Vd
Source Vehicle Vt
Destination Vehicle Vd
Relay Vehicles
Message Propagation direction 
Other Vehicles
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Fig. 1. Network model.
τi,j =
ψtxi,jψ
rx
i,j
ϕtxi,jϕ
rx
i,j
Tp, (3)
where ψtxi,j and ψ
rx
i,j denote the sector-level beamwidths of
transmitter Vi and receiver Vj , respectively, ϕ
tx
i,j and ϕ
rx
i,j
denote the beam-level beamwidths of Vi and Vj , respectively,
and Tp denotes the pilot transmission duration.
Therefore, the transmission rate ri,j of effective data in the
typical link li,j during the period of Tt can be written as
ri,j =
(
1− τi,j
Tt
)
Blog2 (1 + SNRj)
=
(
1− τi,j
Tt
)
Blog2
(
1 +
Ptg
tx
i,jg
c
i,jg
rx
i,j
N0B
), (4)
where SNRj is the signal-noise ratio, N0 is the Gaussian
background noise power density, and B is the bandwidth of
the mmwave band.
E. The Average Total Delay of Message Transmission
Assuming the packet size of warning message to be trans-
mitted is PS , the message transmission delay over single hop
link li,j is given by
Ti,j =
PS
ri,j
=
PS(
1− τi,j
Tt
)
Blog2 (1 + SNRj)
. (5)
The average total delay of message transmission over multi-
hop V2V link is related not only to the transmission delay of
message over the single hop link, but also to the hop number
of the multi-hop V2V link. For the sake of simplicity, the
number of hops in a multi-hop link is approximately given by
k ≈ Rvalid/E (Zi,j), (6)
where Rvalid is the Euclidean distance between source vehicle
and destination vehicle, E (•) is the expectation operator, and
Zi,j is the FP of the typical link li,j .
Assuming the processing delay in each relay vehicle is
Tproc, the average total delay of message transmission over
multi-hop V2V link is derived by
Tmulti = kE (Ti,j) + (k − 1)Tproc
= kE

 PS(
1− τi,j
Tt
)
Blog2 (1 + SNRj)

+ (k − 1)Tproc
= k
∫ +∞
0
fSNRj (γ)PS(
1− τi,j
Tt
)
Blog2 (1 + γ)
dγ + (k − 1)Tproc
,
(7)
where fSNRj (γ) is the PDF of SNRj over link li,j .
F. The Average Total Reliability of Message Transmission
The reliability over the typical single hop link li,j is defined
as the probability of SNRj larger than the threshold ε, which
is given by
Pone,i−j = P (SNRj > ε) = 1− FSNRj (ε) , (8)
where FSNRj (ε) is the CDF of SNRj .
Therefore, the average total reliability of message transmis-
sion over multi-hop V2V link is given by
Pmulti = (Pone,i−j)
k
=
[
1− FSNRj (ε)
]k
. (9)
III. THE AVERAGE TOTAL DELAY AND RELIABILITY OF
MESSAGE TRANSMISSION WITH RANDOM RELAY
SELECTION STRATEGY
For the sake of simplicity, assuming that there is a linear
correspondence between the urban road length covered in a
Vd
x
R
y
R
( )Cˆ Z
Vt
( )Dˆ Zl0
Source Vehicle 
Destination Vehicle 
Relay Vehicle
Other Vehicles
Fig. 2. Random relay selection strategy.
region and the area of this region [13], i.e., darea = ηSarea ,
where darea is the road length covered in a region and Sarea
is the area of this region.
Without loss of generality, a Cartesian coordinate system is
established according to the red coordinate axes in Fig. 2. The
coordinate of source vehicle Vt is (0, 0), and the coordinate
of destination vehicle Vd is
(
−Rvalid√
2
,−Rvalid√
2
)
. As shown in
Fig. 2, Z is the FP if the purple vehicle node is selected as
the relay vehicle. Cˆ (Z) denotes the green region and Dˆ (Z)
denotes the yellow region.
A. Forward Progress and Manhattan Distance of the Single
Hop Link
The PDFs of forward progress and Manhattan distance of
the single hop link are given by lemma 1 and 2, respectively.
Lemma 1: The PDF of FP Zran with random relay selection
strategy is given by
fZran (zran) =
√
2
lt
, (10)
where 0 ≤ zran ≤ lt√2 .
Proof: FP is uniformly distributed on line l0 in Fig. 2 if
random relay selection strategy is adopted. The CDF of Zran
can be written as FZran (zran) = P (Zran ≤ zran) =
√
2zran
lt
,
where 0 ≤ zran ≤ lt√2 . Therefore, the PDF of Zran is
fZran (zran) =
dFZran (zran)
dzran
=
√
2
lt
, where 0 ≤ zran ≤ lt√2 .
According to (6), the hop number with random relay selec-
tion strategy is derived by
kran =
Rvalid
E (Zran)
=
Rvalid∫ lt√
2
0 zranfZran (zran) dzran
=
2
√
2Rvalid
lt
. (11)
Lemma 2: The PDF of Manhattan distance Dman,ran with
random relay selection strategy is given by
fDman,ran (dman,ran) =
2dman,ran
l2t
, (12)
where 0 6 dman,ran 6 lt.
Proof: See Appendix A.
B. SNR of the Single Hop Link
For the typical single hop link li,j , before the transmitting
vehicle Vi sends the useful signal to the receiving vehicle Vj ,
Vi and Vj will complete the beam alignments according to the
mechanism described in section II-D. Therefore, the transmis-
sion and reception directivity antenna gains of vehicles over
link li,j are main lobe gains. The SNR of link li,j can be
written as
SNRj [dB]
= Pt[dBm]−N0[dBm/Hz]− 10log10 (B [Hz])
+ 2G∢[dB]− 10αlog10 (dman)− 69.6− ρ
. (13)
Since the link li,j is a typical single hop link, for the sake
of simplicity, the subscript will be removed in the following
text. For example, SNRj will be written as SNR.
Assuming M = Pt [dBm] − N0 [dBm/Hz] −
10log10 (B [Hz]) + 2G∢ [dB]− 69.6, the CDF of SNR with
random relay selection strategy is derived by
FSNR,ran (γ) = P {SNR 6 γ}
= P {M − γ − 10αlog10 (dman,ran) 6 ρ}
=
1
2
− 1
2
E [erf [Y (γ)]]
=
1
2
− 1
2
+∞∫
0
erf [Y (γ)] fDman,ran (dman,ran) ddman,ran
=
1
2
− 1
2
lt∫
0
erf [Y (γ)]
2dman,ran
l2t
ddman,ran
,
(14)
where Y (γ) =
M−γ−10αlog10(dman,ran)√
2σ
and erf [•] is the
error function.
C. The Average Total Delay and Reliability of Message Trans-
mission with Random Relay Selection Strategy
According to (7), the average total delay of message trans-
mission with random relay selection strategy is derived by
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Fig. 3. Average total delay with respect to effective communication
distance of the vehicle considering different minimum safe distances
(α = 2.9).
Tmulti,ran
= kran
+∞∫
0
PS(
1− τi,j
Tt
)
Blog2 (1 + γ)
fSNR,ran (γ) dγ
+ (kran − 1)Tproc
=
2
√
2Rvalid
lt
+∞∫
0
PS(
1− τi,j
Tt
)
Blog2 (1 + γ)
dFSNR,ran (γ)
+
(
2
√
2Rvalid
lt
− 1
)
Tproc
,
(15)
where FSNR,ran (γ) is given by (14).
According to (9), the average total reliability of message
transmission with random relay selection strategy is derived
by
Pmulti,ran = [1− FSNR,ran (ε)]
kran
=
[
1
2
+
1
2
∫ lt
0
erf [Y (ε)]
2dman,ran
l2t
ddman,ran
] 2√2Rvalid
lt ,
(16)
where Y (ε) =
M−ε−10αlog10(dman,ran)√
2σ
.
IV. SIMULATION RESULTS AND DISCUSSION
In this section, the effects of the path loss exponent and
the minimum safe distance between adjacent vehicles on the
average total delay and reliability of message transmission are
numerically analyzed. Some default parameters are configured
as follows: Rvalid = 500
√
2m, Pt = 30dBm [14], N0 =
−174dBm/Hz [15], B = 200MHz [12], Rx = Ry = 50m,
µ = 0.08 [12], Tt = 4ms [16], Tp = 0.2ms, Tproc = 20µs,
PS = 24000bits [17], ψ
tx
i = ψ
rx
j = 40
0 [18], ϕtxi,j = ϕ
rx
i,j =
100, G∢ = 10dB, ε = 5dB [19], σ = 4dB.
Fig. 4. Average total reliability with respect to effective communi-
cation distance of the vehicle considering different minimum safe
distances (α = 2.9).
Fig. 3 shows the average total delay with respect to effective
communication distance of each vehicle considering different
minimum safe distance. When the minimum safe distance is
fixed and the effective communication distance of the vehicle
is less than 140 m, the average total delay decreases with the
increase of effective communication distance of the vehicle.
This result indicates that the average total delay is mainly
affected by the hop number in this case. When the minimum
safe distance is fixed and the effective communication distance
of the vehicle is larger than or equal to 140 m, the average total
delay increases with the increase of effective communication
distance of the vehicle. This result implies that the average
total delay is mainly affected by transmission delay over single
hop link in this case. Hence, a minimum average total delay
exists with respect to the effective communication distance
of the vehicle. When the effective communication distance of
the vehicle is fixed, the average total delay decreases with the
increase of the minimum safe distance.
Fig. 4 illustrates the average total reliability with respect to
effective communication distance of the vehicle considering
different minimum safe distances. When the minimum safe
distance is fixed, the average total reliability decreases with the
increase of effective communication distance of the vehicle.
Fig. 5 depicts the average total reliability with respect to
effective communication distance of the vehicle considering
different path loss exponents. When the path loss exponent is
fixed, the average total reliability decreases with the increase
of effective communication distance of the vehicle. When the
effective communication distance of the vehicle is fixed, the
average total reliability decreases with the increase of the path
loss exponent. The reason is that path loss becomes severe with
the increase of the path loss exponent. Therefore, the channel
becomes more unreliable with the increase of the path loss
exponent.
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Fig. 5. Average total reliability with respect to effective communica-
tion distance of the vehicle considering different path loss exponents
(dsafe = 4m).
V. CONCLUSION
In this paper, message transmission delay and reliability
between autonomous vehicles based on millimeter wave multi-
hop V2V communications with random relay selection strat-
egy under urban road environment are investigated. Shifted-
exponential distribution is proposed to model the headway dis-
tance to guarantee a minimum safe distance between adjacent
vehicles. Simulation results show that message transmission
delay and reliability decrease with the increase of the path loss
exponent and are also affected by the minimum safe distance
between adjacent vehicles. We will further explore the impact
of relay selection strategy on the message transmission delay
and reliability in the future.
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APPENDIX A
The CDF of Manhattan distance Dman,ran with random
relay selection strategy is derived by
FDman,ran (dman,ran)
= P {Dman,ran ≤ dman,ran}
=
∑
an∈Dˆ(zran)
an
∑
an∈{Cˆ(zran)∪Dˆ(zran)}
an
= ηD(zran)
η[C(zran)+D(zran)]
= D(zran)
C(zran)+D(zran)
, (17)
where 0 ≤ dman,ran ≤ lt,
∑
an∈Dˆ(zran)
an is the road length
covered by region Dˆ (zran),
∑
an∈{Cˆ(zran)∪Dˆ(zran)}
an is the
road length covered by region Cˆ (zran) and Dˆ (zran), C (zran)
is the area of region Cˆ (zran), and D (zran) is the area of
region Dˆ (zran).
Obviously, D (zran) = d
2
man,ran, C (zran) + D (zran) =
l2t . Therefore, the CDF of Manhattan distance Dman,ran with
random relay selection strategy can be written as
FDman,ran (dman,ran) =
d2man,ran
l2t
, (18)
where 0 ≤ dman,ran ≤ lt.
Finally, The PDF of Manhattan distance Dman,ran with
random relay selection strategy can be given by (12).
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